1. Introduction {#s0005}
===============

The outbreak of severe acute respiratory syndrome (SARS) first occurred in 2003 and was largely contained within six months.\[[@bb0005]\] There was a large time gap before a second, closely-related coronavirus, Middle East respiratory syndrome coronavirus (MERS-CoV) appeared in 2012.\[[@bb0010]\] This frequently caused renal failure in addition to severe respiratory disease.\[[@bb0015]\] As of November 30, 2019, the World Health Organization (WHO) had registered 2494 MERS-CoV cases worldwide.\[[@bb0020]\] The first report of SARS-CoV-2, the seventh coronavirus known to infect humans, appeared in China in December 2019.\[[@bb0025]\] As of July 22, about 15 million SARS-CoV-2 related cases were reported worldwide with over 617,000 deaths (<https://coronavirus.jhu.edu/map.html>) surpassing the combined number of cases and deaths from two previous coronaviruses. The disease, Covid-19, is characterized by a range of symptoms, primarily including fever, cough, dyspnea, and myalgia.\[[@bb0030]\] In severe cases, the most common chest computed tomography finding is bilateral lung involvement with ground-glass opacity.\[[@bb0035]\] The primary cause of mortality from Covid-19 stems from compromised immune systems, leading to respiratory failure. Many more patients have exhibited cardiovascular related pathologies including congestive heart failure and brain medullary cardiorespiratory dysfunction and inflammatory thrombocytosis.\[[@bb0040], [@bb0045], [@bb0050]\]

Covid-19 killed more people on a weekly or monthly basis in early 2020 than any other cause of death except cardiovascular disease, which has still marginally maintained the number one spot.\[[@bb0055]\] The rapid spread of the virus causing Covid-19 has sparked fear worldwide and almost all countries are dealing with a surge in confirmed cases and deaths. The disease is increasingly affecting elderly people with underlying medical issues, although no one is invulnerable regardless of age, sex, or race.

Currently, there are no proven effective therapies for Covid-19. Within the first month of the Covid-19 global pandemic, there was a surge in clinical trials of repurposing of mostly approved drugs such as hydroxychloroquine (antimalarial drug), ritonavir and lopinavir (a combination of antiretroviral drugs), remdesivir (an experimental Ebola drug), ritonavir and lopinavir (antiretrovirals), interferon-beta, and several immunomodulators and anti-inflammatory drugs. In this context, the US Food and Drug Administration (FDA) issued an Emergency Use Authorization for the use of hydroxychloroquine (and chloroquine) and remdesivir on March 28 and May 1, 2020, respectively, for the treatment of hospitalized patients with Covid-19. Hundreds of clinical trials of potential Covid-19 related drugs have been launched globally, including the WHO's large-scale SOLIDARITY trial. Additionally, several clinical trials to develop an effective vaccine to treat Covid-19 are underway.

The journey of SARS-CoV-2 begins as it enters the nasopharynx by attaching to angiotensin converting enzyme 2 (ACE2) receptor-enriched epithelial cells of the nasal and oral mucosa, precipitating a reduced sense of smell and taste as it passes down to the lungs, the primary site of infection. The subsequent events, including endocytosis, using the host cellular machinery for genome replication, transcription, assembly, and release of virus to other cells where it infiltrates organ systems from the brain to blood vessels to toes inflicting multiple organ damage \[[@bb0060]\] provide ample intervention sites to intercede in the progression of the disease.

This review presents the argument that drug targets should be identified at each of the multiple stages of the SARS-CoV-2 life cycle. Given the pathology of the disease, in which the virus attacks more than one organ and induces a dysregulated inflammatory response, an optimally successful strategy for identifying efficacious and safe drug therapy may require a concerted and integrated approach, matching drug mechanisms of action to the respective drug targets at each stage of the virus life cycle. Exploring the repurposing of existing drugs and developing new drugs are both of considerable interest. We discuss therapeutic strategies of drugs under active investigation based on the target site and mechanism of action, and the need for evaluation of promising approaches via multisite randomized, concurrently controlled clinical trials.

2. Structure of SARS-CoV-2 {#s0010}
==========================

SARS-CoV-2, the spherical or pleomorphic Beta coronavirus,\[[@bb0065]\] possesses five distinct structures that include spike (S), membrane (M), envelope (E), nucleocapsid (N), and hemagglutinin-esterase dimer (HE) glycoproteins along with RNA as genetic material.\[[@bb0070],[@bb0075]\]

Spike glycoprotein (S) projects in the form of specific spikes that hoop from the peripheral surface of the virus, resembling a crown (*Latin meaning corona*) under an electron microscope.\[[@bb0080]\] S proteins are known to assist in the entry of coronavirus into host cells. Further, for interaction with the host cell, S protein is cleaved by TMPRSS2 (cellular furin-like protease) into two distinct polypeptides, S1 and S2. S1 is known to attach to the cellular receptor ACE2, and S2 leads to the fusion of the viral and cellular membranes.

The Membrane protein (M) is the most abundant protein present in coronavirus. It possesses a triple-helical bilayer with a short-NH~2~ terminal domain at the extracellular region and a COOH terminal at the intracellular cytoplasmic region. The primary function of the protein is in the development of virus-specific humoral response. It acts as the most abundant structural protein that can neutralize antibodies developed in SARS patients. Furthermore, the transmembrane domain of the M protein may contain a T cell epitope cluster, which holds dominant cellular immunogenicity.\[[@bb0085]\]

The Envelope protein (E) is a transmembrane protein that functions as an ion channel, allowing human protease to release the viral genomic material to the host cell.\[[@bb0090]\] The protein, although not necessary for viral replication, allows pathogenesis via assembly and release of the virus. The Nucleocapsid protein (N) is a phosphorylated protein that enables the binding of viral RNA *in vitro* in a 'bead on a string' type conformation. The protein is also known to assist in encapsulation of genomic material into the virus particles by tethering the viral genome network of protein to replicase-transcriptase complex (RTC) machinery.\[[@bb0075],[@bb0095]\]

Hemagglutinin-esterase dimer protein (HE) contains acetyl-esterase activity. It binds to sialic acids on the surface of the glycoprotein membrane, and assist coronavirus release from the infected cells after their hijack.\[[@bb0100],[@bb0105]\]

Based on mutations, the virus is classified into S (\~30%) and L lineage (\~70%) types involving (8782C\>T and 28144T\>C) important co-mutations. During a study by Tang *et al*., it was revealed that only 3.7% of viral isolates were S type compared to 96.3 % of L type isolated from Wuhan, China. However, outside Wuhan, 61.3% was found to be L type and 38.4% S type.\[[@bb0110]\] Further, Nextstrain analysis on 2310 viral isolates disclosed that West Coast (United States) predominates with B1 clade, whereas A2a clade, was found to be predominant in East Coast including New York, Europe, and Italy. These clades further diverge in virulence. The non-synonymous mutation involving the spike protein of SARS-CoV-2 at codon 614 reveals presence of aspartic acid (D) at this residue is predominant on the West Coast, whereas glycine (G) is dominant on the East Coast thus involving D614G mutation in a highly glycosylated region of the viral spike protein.\[[@bb0115],[@bb0120]\]

Genetically, coronaviruses share the largest genomes (26.4 - 31.7 kb) among all known RNA viruses with high guanine-cytosine content.\[[@bb0125]\] The nucleotide identification of SARS-CoV-2 revealed 80, 55, and 50% homology to SARS-CoV-1, MERS, and common cold CoV, respectively. SARS-CoV-2 contains a positive-sense (single-stranded) RNA genome of 30 kb and fourteen open reading frames (ORFs) underlying various conserved genes (ORF1ab, S, E, M, and N protein region)\[[@bb0065]\]. ORF1a and ORF1ab produce two essential polypeptides, pp1a and pp1ab, encoding for S, M, E, and N proteins (encoded at the 3' end) and being vital for virus protein integrity. The amino acid sequences of the ORF1ab domain further reveal a 94.4% sequence identity with SARS-CoV.\[[@bb0130]\] The pp1ab polypeptide encodes for essential non-structural proteins required for the formation of the sophisticated replicase machinery Nsp1-16. The polypeptides are also processed by viral enzymes (chymotrypsin-like protease (3CLpro) and main protease (Mpro)) to yield non-structural proteins (Nsp1-16) which encode for endoribonuclease activity, hence playing a vital role in viral replication and transcription. \[[@bb0135], [@bb0140], [@bb0145]\] The presence of the receptor-binding domain (on the spike protein) and a polybasic cleavage site confer that the protein is naturally evolved and removes the possibility of the genome being constructed or manipulated in the laboratory.\[[@bb0150]\]

3. SARS-CoV-2 entry and initiation {#s0015}
==================================

The isolation of RaTG13, the closest source for SARS-CoV-2, indicates bats as the source point of origin of Covid-19. Additionally, research demonstrated the 80% genetic homology of SARS-CoV-2 with SARS-CoV. During the pandemic of SARS-CoV, it was demonstrated that this coronavirus consists of a receptor-binding domain in its S protein that allows receptor recognition by ACE2. Similar experiments conducted by Zhou et al. revealed that SARS-CoV-2 utilizes ACE2 receptors for its entry into host cells.\[[@bb0155]\] The group determined the virus' infectivity using HeLa cells. The cells were obtained from humans, Chinese horseshoe bats, civets, pigs, and mice and differentiated into ACE2 (transfected) protein-expressing and non-expressing (non-transfected) types. The results revealed that the novel coronavirus strain invaded all the cells (except those from mice) expressing ACE2, whereas cells not expressing ACE2 were not affected. The study also revealed that aminopeptidase N (APN) and dipeptidyl peptidase 4 (DPP4) are not involved in virus interaction with host cells in the case of SARS-CoV-2.\[[@bb0155]\] Furthermore, the evidence of SARS-CoV-2 entry through host cells via ACE2 was independently provided by Walls et al.\[[@bb0075]\], Hoffmann et al.\[[@bb0160]\], and Verdecchia et al.\[[@bb0165]\] Further research indicated that the S proteins in all three coronaviruses belong to class 1 viral fusion protein, which indicates that the S protein needs to undergo cleavage by a fusion protein to activate its fusion potential. Proteases including furin, cathepsins, trypsin, human airway trypsin-like proteases, and transmembrane protease serine protease (2/4) (TMPRSS) have been identified that allow activation of S protein by proteolytic cleavage into subunits S1 and S2.\[[@bb0170], [@bb0175], [@bb0180], [@bb0185]\] Experiments conducted by Ou et al., tested various proteases that might be responsible for S protein cleavage. The experiments were performed using HEK293T cells expressing SARS-CoV-2 S protein and control HEK293 cells expressing hACE2 in the presence and absence of proteases. The results revealed that co-expression of TMPRSS on hACE2 expressing HEK293 cells enhanced cell-cell fusion mediated by S protein. The addition of trypsin as a protease leads to the formation of large syncytia in these cells (a fusion of the cellular surface without endocytosis), suggesting proteins could be triggered without exogenous protease priming upon the receptor binding. The study indicated that among all the serine proteases, TMPRSS2 is vital for S protein activation, and ACE2 acts as an entry receptor for SARS-CoV-2.\[[@bb0190]\] The study by Hoffmann et al. corroborated these findings and suggested a role of TMPRSS2 in proteolytic cleavage of S protein to S1 and S2 subunits.\[[@bb0160]\]

3.1. S protein cleavage {#s0020}
-----------------------

The role of S protein in CoV fusion has been well-documented in previous outbreaks.\[[@bb0195]\] The fusion of S protein with the human cell receptor allows the entry of viral genetic material to host cells, causing the invasive infection. In the previous outbreaks, it was found that CoV uses a furin activation site (FAS) to bind to the host receptor.\[[@bb0175]\] The furin and furin-like proteases are considered to be a group of proprotein convertases (type I transmembrane protein) that allow cleavage of S protein at two distinct sites, resulting in the formation of two subunits - S1 (globular domain) and S2 (biomembrane-anchored stalk domain).\[[@bb0155],[@bb0200]\] Cleavage is essential for ensuring the acquaintance of the S2 site to host proteases. S1 segment allows attachment of CoV to ACE2, whereas S2 enables the fusion of CoV inside the host cell.\[[@bb0205],[@bb0210]\] It is now known that apart from furin or furin-like proteases, SARS-CoV-2 uses TMPRSS2 for its interaction with the ACE2 receptor and entry into the host cell.\[[@bb0160],[@bb0215]\] TMPRSS2 is a type II transmembrane serine protease expressed widely in epithelial cells forming respiratory, gastrointestinal, and urogenital tracts.\[[@bb0220]\] The S1/S2 region is known to contain multiple arginine or lysine residues (R/K), and, hence, activates the virus leading to the cleavage of S protein by TMPRSS2 at these monobasic cleavage sites.\[[@bb0225]\]

The sequence analysis studies suggest that in SARS-CoV-2, furin cleaves at (R-R-A-R685↓), which contain an insertion of four amino acids, including an alanine residue (non-basic) in position P2, recognized as a furin cleavage site.\[[@bb0225]\] Besides this, a paired dibasic motif with a single KR (Lysine-Arginine) segment (KR815↓) is recognized by trypsin-like serine proteases. This additional feature makes the new CoV much different in cell entry than SARS, and probably affects the stability of the virus and, consequently, the transmission process. Furthermore, it was demonstrated that both furin and TMPRSS2 do not compensate for each other and inhibiting either of them may halt virus binding to host cells and their invasion. The role of furin and TMPRSS2 has been elucidated recently by many experimental pieces of evidence signifying the importance of these two proteins in proteolytic activation and blocking by inhibiting these targets.\[[@bb0230]\] ([Fig. 1](#f0005){ref-type="fig"} )Fig. 1SARS-COV-2 virus binding ACE2 and the renin-angiotensin system axis.Top left shows the virus structure identifying protruding surface spike proteins (enlarged to show S1 and S2 segments with the Receptor Binding Domain (RBD)), the most abundant Membrane protein, the Envelope protein that forms a simple multimeric ion channel, and the Nucleocapsid protein with the bound positive sense single strand (ss) RNA. Below: Furin pre-cleaves spike proteins at the S1/S2 site and promotes subsequent TMPRSS2-dependent entry into host cells. The RBD in the S1 segment binds with high affinity the protease domain (PD) in ACE2. Subsequent conformational changes in S2 facilitate fusion between the viral envelope and the host cell membrane, and internalization by endocytosis with ACE2. Ang II-AT-1 receptor activation of ADAM17 cleaves/sheds cell surface ACE2 which can no longer cleave Ang II or Ang I to protective peptides (Ang (1-9) and Ang (1-7)), resulting in myocardial dysfunction. This action is blocked by AT-1 receptor blockers upregulating ACE2 levels. The AT-1 receptor-mediated effects are opposite to that of Mas and MrgD (not shown) receptors. The catalytic subunit of ACE2 is independent of PD and may operate as long as ACE2 is not internalized. The protective axis comprising of recombinant ACE2, Ang (1--7), Mas receptor agonists, and RAS inhibitors enhance ACE2 action and serve as potential therapies in Covid-19. In addition, ACE inhibitors prevent the metabolism of Ang (1-7) by ACE to the inactive metabolite Ang (1-5) (see [Table 1](#t0005){ref-type="table"}).Fig. 1

3.2. Binding of S protein with ACE2 receptors and fusion with the host cell membrane {#s0025}
------------------------------------------------------------------------------------

The interaction between the viral S protein and ACE2 on the host cell surface is a critical step soon after the virus is primed by TMPRSS2 as this initiates the infection process. ACE2 is a cellular functional receptor for coronavirus.\[[@bb0235]\] Different coronaviruses bind different receptors while ACE2 is highly specific (100%) for SARS-CoV-2 as it binds with high affinity (KD, 1 to 30 nM), about 20 times higher than does SARS-CoV.\[[@bb0240]\] Chan et al\[[@bb0090]\] hypothesized that such high specificity and affinity toward ACE2 may contribute to the apparent ease with which widespread transmission and contagiousness of SARS-CoV-2 occur from human to human. ACE2 is widely distributed throughout the body, starting with nasal epithelium, oral mucosa, brain, lungs, heart, vascular endothelium, kidney, small intestine, colon, and testis.\[[@bb0245],[@bb0250]\] The resultant widespread infection that begins with acute respiratory distress syndrome, followed by high levels of circulating cytokines, is a plausible cause of myocardial injury, multiorgan failure, and mortality.\[[@bb0255]\] A study suggests that as many as 32 variants of ACE2 are characterized in different populations. There is a possibility that some people could be less susceptible to SARS-CoV-2 infection than others.\[[@bb0260]\] Additionally, it is reported that men have a higher ACE2 expression in the lungs than women and Asian people express ACE2 higher than Caucasian and African American populations.\[[@bb0265]\]

ACE2 is a non-specific (as it also hydrolyzes apelin, des-arginine bradykinin \[to bradykinin\], and dynorphin) metallopeptidase, carboxypeptidase enzyme, and a homolog of ACE (with 40% similarity) first discovered two decades ago in the heart.\[[@bb0270]\] Functionally, there are two forms of ACE2 - (a) the full-length ACE2 containing structural transmembrane domain which anchors its extracellular domain to the plasma membrane, and (b) the soluble form lacking the membrane anchor, which circulates in undetectable quantity in the blood.\[[@bb0275],[@bb0280]\] Both forms of ACE2 comprise extracellularly the NH~2~-terminal peptide or protease domain and the catalytic site ([Box 1](#b0005){ref-type="boxed-text"} ).\[[@bb0285],[@bb0290]\] The receptor-binding domain of the S1 segment from SARS-CoV-2 binds the extracellular N-terminus, the protease domain of the ACE2. Subsequent conformational changes in S2 (stalk domain) facilitate fusion between the viral envelope and the host cell membrane and internalization by endocytosis with ACE2.\[[@bb0160],[@bb0195]\] This action results in the loss of ACE2 (downregulation as a result of the negative feedback loop) at the cell surface that removes an important pathway for the cell to degrade Ang I and Ang II to generate cardioprotective peptides ([Fig. 1](#f0005){ref-type="fig"}). An increase in the ratio of Ang II to Ang (1-7) following the removal of ACE2 contributes to the extent of pulmonary tissue damage, loss of its function, and generation of a cytokine storm contributing to widespread inflammation observed with Covid-19. The impact of the virus on the CVS, CNS, kidney, and other organs apart from the lungs is currently not known. Protease inhibitors block the protease domain, preventing binding to ACE2. Spike vaccine is purported to inhibit this initial step of cell entry.\[[@bb0295]\]Box 1ACE2, the functional receptor of SARS-CoV-2•Angiotensin converting enzyme2 (ACE2), a monocarboxypeptidase enzyme, was discovered in 2000. It shares 40% homology and 61% similarity with the classic ACE.•ACE2 is widely expressed in most of the organs, beginning with nose and throat and from head to the gut and testicles. ACE2 converts decapeptide Ang I and octapeptide Ang II to nonapeptide, Ang (1-9), and heptapeptide, Ang (1-7), respectively.\[[@bb0290]\]•ACE2 actions are non-specific as it also cleaves and inactivates bioactive apelin peptides apelin-13 and apelin-36 through a negative feedback mechanism in the heart and vasculature\[[@bb0280]\] and also des-arginine bradykinin to bradykinin. Additionally, it is an amino acid transporter.•ACE2/Ang 1--7/MasR axis is a physiological antagonist that counter-regulates the activated RAAS. Thus, ACE2 is a critical protective pathway against heart failure, myocardial infarction and hypertension, and against lung disease and diabetes mellitus.\[[@bb0280]\]•There are two forms of ACE2, the full-length ACE2 containing structural domain anchors its extracellular domain to the cell membrane, and the soluble form lacking the membrane anchor circulates in undetectable quantity in the blood. \[[@bb0265],[@bb0815]\] The both forms of ACE2 comprise the N-terminal protease domain with which the spike glycoprotein (S1) of SARS-CoV-2 binds. The catalytic site which is distinct from the protease domain catalyses Ang I and Ang II ([Fig 1](#f0005){ref-type="fig"}). \[[@bb0275],[@bb0280]\]•Following binding by SARS-CoV-2, ACE2 is endocytosed. The loss of ACE2 function results in elevated levels of circulating Ang II.•ACE2 expression is increased by RAAS inhibitors and statins.Alt-text: Box 1

The catalytic site of ACE2 removes the amino acid phenylalanine from octapeptide Ang II, the principal pressor hormone of the RAAS, to form Ang (1-7).\[[@bb0300]\] The latter also forms from Ang (1-9), a cleaved product of Ang I by ACE2, and by neutral endopeptidase (NEP). The pharmacologic effects of Ang (1-7) are opposite to that of Ang II, and counterbalance the adverse actions of Ang II on the heart and blood vessels. The spike protein from SARS-CoV-2 does not attenuate the hydrolysis of Ang II to Ang (1--7) by ACE2, suggesting that it may be unlikely that Ang II or other peptide substrates would directly interfere with SARS-CoV-2 binding and internalization.\[[@bb0305]\] This also suggests that Ang II might bind ACE2 as long as it is not internalized by the virus as their binding/catalyzing sites are different in recognizing their substrates ([Fig. 1](#f0005){ref-type="fig"}). However, it is not clear when the spike protein binds ACE2 whether it reduces the catalytic properties of ACE2.

The physiological actions of Ang II are mediated through AT-1 and AT-2 receptors while that of Ang (1-7) and its cleaved product, alamandine, are mediated through the Mas oncogene and Mas-related G-protein-coupled D (MrgD) receptors. Both are G protein-coupled receptors. Ang (1-7) is a biased agonist of the AT-1 receptor with a protective action in cardiac hypertrophy ([Box 2](#b0010){ref-type="boxed-text"} ).\[[@bb0310],[@bb0315]\] Taken together, the RAAS system is comprised of two axes: ACE--Ang II--AT-1 receptor is the predominant axis that promotes vasoconstriction, proliferation, fibrosis, oxidative stress, thrombosis, and inflammation; and the ACE2--Ang (1--7)--Mas receptor axis counterbalances the effects of Ang II as Ang (1--7) has natriuretic, endothelial protective, cardioprotective, vasodilatory, anti-inflammatory, anti-thrombosis, and anti-proliferative properties ([Fig. 1](#f0005){ref-type="fig"}). \[[@bb0300]\]Box 2Cardioprotective Angiotensin (1-7)•Ang (1-7) is a major component of the protective arm of the Renin-Angiotensin-Aldosterone System, ACE2--Ang (1--7)--Mas R axis, considered as an 'angel' in the RAAS cascade.•Ang II has a high affinity for ACE2 to form Ang (1-7), which is also being formed by the action of ACE on Ang (1-9) and by the action of NEP on Ang I (see [Fig. 1](#f0005){ref-type="fig"}).•The physiological functions of Ang (1-7) are mediated through the Mas and MrgD receptors; both are G protein-coupled receptors distributed in numerous cardiovascular-related tissues. Ang (1-7) is also a biased agonist of the AT-1 receptor with a protective action in cardiac hypertrophy.\[[@bb0300]\]•Ang (1--7) is reported to produce effects opposite to that of Ang II, the major pressor hormone of the system, and it counterbalances the adverse actions of Ang II on the heart, kidney, and blood vessels.•The renal actions of Ang (1-7) are diuresis and natriuresis as it increases renal blood flow.\[[@bb0820]\]•AT-1 receptor blockade potentiates the vasodilatory effects of Ang (1-7) by increasing its availability at the target site through increased ACE2 expression.•Ang (1-7) promotes vasodilation (restores bioavailable nitric oxide), decreases inflammation, and fibrosis. It is shown to attenuate lung injury in an acute respiratory distress syndrome animal model. Lacking Ang (1-7) may be of negative effect on lung health.\[[@bb0825]\]•Nearly a dozen clinical trials are ongoing investigating cardiovascular effects and, more recently on ARDS in Covid-19 patients (see [Table 1](#t0005){ref-type="table"}).Alt-text: Box 2

ACE2 is the principal control component of the protective axis as it generates those key cardioprotective and hypotensive peptides.\[[@bb0320]\] It is upregulated in failing hearts. However, in hosting SARS-CoV-2, ACE2 is now playing a pathogenic role in easing virus infection, thus limiting its protective effect in lung and heart. ACE2 internalization worsens the pulmonary and cardiac damage initially triggered by SARS-CoV-2. On the other hand, drugs that can upregulate the expression of ACE2, such as ARBs and ACE inhibitors that are extensively used in hypertensive patients and statins in hyperlipidemic patients infected with SARS-CoV-2 have strengthened activity of the protective axis relative to the ACE--Ang II--AT-1 R axis, and these patients are unlikely to be at greater risk. \[[@bb0045],[@bb0285],[@bb0325],[@bb0330]\]

3.3. Translation and RNA replication {#s0030}
------------------------------------

Once the viral RNA is released into the host cell, the ss-positive sense RNA acts as messenger RNA (mRNA) and undergoes translation by using host cell machinery.\[[@bb0335]\] The series of events also leads to the formation of enzymes involved in viral replication, which generate and assemble new viral particles. The sequence of steps is illustrated in [Fig 2](#f0010){ref-type="fig"} . The critical pathways utilized by SARS-CoV-2 include a) RNA Synthesis, b) proofreading of template, and c) capping.\[[@bb0340]\] The RNA machinery involves Nsp1-16 complex,\[[@bb0340],[@bb0345]\] among which Nsp12 (RNA dependent RNA polymerase; RdRp)\[[@bb0350],[@bb0355]\], Nsp13 (zinc-binding helicase; HEL)\[[@bb0360]\], Nsp14-16 complex (mRNA capping)\[[@bb0365]\], Nsp14 (RNA proofreading)\[[@bb0350],[@bb0370]\], Nsp15 (uridylate-specific endoribonuclease activity (NendoU))\[[@bb0145]\], and Nsp7--Nsp10 (non-structural proteins) are critical for virus.\[[@bb0370]\] All the machinery system is present in host cell endoplasmic reticulum in complex with the transcription enzyme of SARS-CoV-2.\[[@bb0375]\] This leads to the generation of new genome molecules including sub-genomic (sg) messenger RNAs.\[[@bb0135]\]Fig. 2SARS-CoV-2 life cycle showing binding, membrane fusion, translation/replication, and virion release.Following the receptor binding (1), conformational changes in S2 (stalk domain) facilitate fusion between the viral envelope and the host cell membrane, and internalization by endocytosis with ACE2 (2). The ss-positive sense RNA is released inside the cell. (3). Using the host cell protein translation machinery, the viral RNA is translated into viral polyproteins, proteases 3CLpro and PLpro, and the RNA-dependent RNA polymerase (RdRp) (4). Proteases process the polypeptide translation product from the gRNA into nonstructural proteins for the viral replication and packaging of a new generation of viruses. RdRp synthesizes a full-length negative-strand RNA template to be used by the RdRp to make more viral genomic RNA and structural proteins leading to completion of the assembly (5). The viruses that mature at the endoplasmic reticulum or Golgi apparatus get released via exocytosis (6) to infect other cells.Fig. 2

The RNA polymerization is catalyzed by Nsp12, in association with cofactors Nsp7-8. The N-terminal domain of Nsp12 (also referred to as Nidovirus RdRp-Associated Nucleotidyltransferase or NiRAN) is considered to be conserved in the majority of coronaviruses and possesses nucleotidylation activity.\[[@bb0380]\] The domain consists of α and β subunits (8 α helices and 5 stranded β-sheet). The β subunit possesses Serine/Threonine kinase PRP4 and Tyrosine-protein kinase JAK1 homologs that interact with the palm subdomain of the RdRp or Nsp12 and promotes viral growth. The C-terminal domain of Nsp12 is known to possess catalytic aspartic acid residues (Asp618, Asp623 Asp760, and Asp761) and are involved in recognition of nucleoside triphosphate and other divalent cation(s)(Mg^2+^) to perform the catalytic role (initiation and elongation) in viral growth.\[[@bb0355]\]

Furthermore, RNA proofreading and mRNA capping occur in conjunction with the bifunctional protein Nsp14. It contains two domains; the N terminal domain possesses exoribonuclease activity (DEDD exonucleases family) involved in proofreading, whereas the C terminal domain has (N^7^ guanine)-methyl transferase activity involved with viral mRNA cap synthesis. The cap consists of an N^7^-methylated GTP molecule linked 5′--5′ triphosphate bond transcribed by the first nucleotide.\[[@bb0350],[@bb0370]\] The capping machinery apart from Nsp14 consists of Nsp13, 16, and cofactor Nsp10.\[[@bb0385],[@bb0390]\] The capping is considered vital for mRNA stability and evading host immune response. The mRNA capping is initiated with multifunction Nsp13, which plays the role of helicase (nucleoside triphosphate enzymes (NTPs)) and plays a crucial role in virus replication. The Nsp13 is involved with the hydrolysis of NTPs, unwinding of RNA duplexes with 5\'-3\' directionality along with RNA 5\'-triphosphatase activity.\[[@bb0360]\]

Finally, the termination of mRNA capping is done by Nsp16 in complex with Nsp10. Nsp16 is known to belong to a class of *O*-methyl Transferase characterized by reversed β hairpin at the carboxyl end. Finally, the processes catalyzed by Nsp13 (helicase), Nsp14 (GTPase), Nsp15 (N7-Methyl Transferase), and Nsp16 (2'-*O*- Methyl Transferase) activities leads to the synthesis of a nascent RNA strand possessing cap1 structure at its 5′ end terminal.\[[@bb0370],[@bb0395]\] The host endoplasmic reticulum and Golgi apparatus further facilitate the assembly of viral RNAs and associated proteins into virions (SARS-CoV-2). \[[@bb0400]\] The M and E proteins interact together to form virus-like particles, whereas the N protein enhances their formation in the endoplasmic reticulum and Golgi apparatus. The S protein, however unimportant, is also incorporated into the new virions.

3.4. Virion release {#s0035}
-------------------

The virus release from an infected cell primarily occurs via budding, exocytosis, or cell death. Mechanistically, for undeveloped virion particles, budding occurs. N protein interacts with the host cell membrane region where the viral E protein (glycosylated) has been inserted. Importantly, the N protein allows a proper orientation for budding of virion at the plasma membrane, endosomal, nuclear, or perinuclear membranes leading to the release of virus particles. The viruses that become matured at the endoplasmic reticulum or Golgi apparatus are released via exocytosis. In many cases, the virus attack destroys the host cell machinery leading to the release of lysosomes: this disruption of cell integrity results in cell death and consequent release of virus particles.\[[@bb0400],[@bb0405]\] Finally, these progeny virions get released out of the host cell in vesicles by exocytosis. These newly released virions may either infect other healthy cells or shed into the environment via the opening of the mouth, breathing, or similar occurrences that may infect healthy persons via reported modes of transmission.\[[@bb0385],[@bb0390]\]

4. Drug targets {#s0040}
===============

At present, there are no drugs approved for the treatment of patients with Covid-19.\[[@bb0410]\] The pandemic that was set in the early months of 2020 worldwide has triggered an unprecedented stampede into hundreds of clinical trials evaluating both approved or licensed drugs and investigational agents.\[[@bb0415]\] All of these clinical trials are based on keeping in mind the viral life cycle, from the host cell attachment and entry to translation, replication and release, and the subsequent damage resulting from the compromised immune system.\[[@bb0420]\] Thus, there are multiple targets to consider for potential therapeutic intervention. Covid-19 is more than a lung infection as imaging and pathological investigations show that the syndrome is a thrombo-inflammatory process that initially affects lung perfusion, but consecutively affects all organs of the body.\[[@bb0425]\] Thus, a combination of drugs encompassing more than one target could potentially yield better results.\[[@bb0430]\]

The development of new antiviral drugs is time-consuming. To speed up the process, repurposing of existing drugs can potentially be an efficient strategy for drug development.\[[@bb0435]\] This has led to the quest for new antiviral molecules and, importantly, newer targets for therapeutic development.\[[@bb0440],[@bb0445]\] Some successful examples of drug repurposing includes, Zidovudine (from cancer to HIV AIDS), Minoxidil (from hypertension to hair loss), Sildenafil (from angina to erectile dysfunction), Thalidomide (from morning sickness to leprosy and multiple myeloma), Ketoconazole (from fungal infections to Cushing syndrome), Aspirin (from analgesia to colorectal cancer), Paromomycin (from antibiotic in acute and chronic intestinal amebiasis to visceral and cutaneous leishmaniasis),\[[@bb0450]\] Doxycycline (from broad-spectrum bacteriostatic to antimalarial agent)\[[@bb0455]\], Miltefosine (from breast cancer to visceral leishmaniasis)\[[@bb0460]\], Allopurinol (antineoplastic to gout), and Bromocriptine (from initial use in Parkinson's disease to Type 2 diabetes).\[[@bb0465]\]

The relevant repurposing data in SARS-CoV-2 is led by computational approaches and prior knowledge of previous pandemics. Computational methods, including protein-protein interaction models, enrich evaluation of the target profile of small molecules, allowing the possibility of already approved drugs being found useful.\[[@bb0440],[@bb0445]\] In this context, Joshi and Poduri \[[@bb0470]\] have screened 8548 ligands (approved, investigational, and experimental drugs) on endoribonuclease NendoU (Nsp-15) via virtual screening and molecular modeling. The study showed eprosartan (AT-1 receptor blocker approved for the treatment of hypertension), investigational drugs DB15063 (Inarigivir soproxil), and DB12307 (Foretinib), and an experimental drug DB01813 are promising drugs for further evaluation in the treatment of Covid-19.\[[@bb0470]\]

Drugs under consideration that could have activity for Covid-19, such as antivirals, protease inhibitors, antibiotics, statins, RAAS inhibitors, corticosteroids, antirheumatics, and antineoplastic, are listed in [Table 1](#t0005){ref-type="table"} . Various classes of drugs including anti-inflammatory, immune modulators, and anesthetics are being evaluated preclinically or into clinical trials to assess their possible repurposing for Covid-19.\[[@bb0475],[@bb0480]\] Therefore, drug repurposing is a potentially fast and reasonable strategy to discover new treatments from existing drugs, and may reduce the cost compared to *de novo* drug discovery.\[[@bb0485]\] However, for repurposed drugs, a benefit-risk profile in clinical trials may fail for any new indication. Other aspects such as selecting appropriate doses that affect the dose-response relationship may also be taken into consideration.\[[@bb0490]\]\[[@bb0495]\] Therefore, newer development using repurposed drugs will depend not only on regulatory evidence of efficacy, safety, and quality but also on comparative cost-effectiveness and comparative clinical efficacy. \[[@bb0490],[@bb0500],[@bb0505]\]Table 1Therapeutic strategies of drugs under active investigation based on the target site and mechanism of action for Covid-19.Table 1DrugClass (Pharmacology/Chemical)MOAClinical trialReference1. Drug interfering with the fusion of the virus with host cellsApilimodInterleukin inhibitorInhibits lipid kinase PIKfyve (phosphoinositide kinase for position 5 containing a FYVE finger domain) in cellular regulationPhase II\[[@bb0825]\]CamostatSerine protease inhibitorBlocks mechanism of SARS-CoV-2 which uses TMPRSS2 for docking to the ACE2. This hampers the binding of the spike protein of the virus to the host cellPhase 1NCT:04321096\[[@bb0830],[@bb0835]\]NafamostatSerine protease inhibitorPhase IINCT:04321096\[[@bb0160],[@bb0520]\]Tranexamic acidAntifibrinolytic hemostaticInhibits activation of plasminogen thereby reducing the conversion of plasminogen to plasmin (fibrinolysin), an enzyme that degrades fibrin clots. Plasmin acts on coronavirus and cleaves the newly inserted furin site at the S protein portion. This results in increased virulence and infectivity.Phase IINCT:04338126\[[@bb0840]\]UmifenovirAntiviralThe antiviral properties are thought to occur due to interactions with aromatic residues within the viral glycoproteins involved in S protein /ACE2 membrane fusion and cellular recognition.Phase IVNCT:04260594\[[@bb0845]\]  2. Drugs targeting RAAS-ACE2-AT-1 receptorrhACE2 (APN01)Recombinant enzymeThe biologic is known to possess a dual mode of action. Firstly, it mimics human enzyme ACE2 misleading viruses to bind to a pseudo receptor; secondly, it reduces inflammatory reaction during infection, thus protecting against lung infection.Phase IINCT:04335136;04287686 (withdrawn) \[[@bb0850], [@bb0855], [@bb0860], [@bb0865]\],Ang (1-7)Cardioprotective angiotensin peptideACE2-Ang (1-7)-Mas receptor axis. It limits several detrimental effects of Ang II on AT-1 receptors by triggering counter-regulatory protective effects through binding to G protein-coupled Mas receptors. It is being explored clinically, for example,\
for stimulating hematopoietic recovery in patients with cancer\
after chemotherapy and for examining cardiovascular effects.Phase II/IIINCT:04332666\[[@bb0855],[@bb0870],[@bb0875]\]Captopril\
Trandolapril\
Perindopril\
Fosinopril\
Benazepril\
Quinapril\
Ramipril\
ACE inhibitorCurrently, these drugs are approved for the treatment of hypertension. By preventing the cleavage of Ang I to Ang II, Ang I levels are increased resulting in the increased formation of Ang (1-9) by ACE2 and subsequently Ang (1-7). Nonclinical studies have demonstrated that these drugs upregulate ACE2 expression by decreasing the availability of Ang II at the AT-1 receptor and subsequently masking the inhibitory activity of ADAM17 on ACE2Phase IINCT:04355429\[[@bb0880]\]Phase IVNCT:04330300\[[@bb0885],[@bb0890]\]Phase IINCT:04366050\[[@bb0895]\]Losartan\
Valsartan\
TelmisartanAT-1 receptor blockerAll of the ARBs are approved for the treatment of hypertension. They reversibly and competitively inhibit Ang II binding to the AT-1 receptor. This action prevents Ang II-AT-1 receptor-mediated cytokine release. Preclinical studies have demonstrated that blockade of AT-1 receptors increases ACE2 expression by inhibiting ADAM17 that cleaves ACE2. Losartan is an inverse agonist. The PPAR partial agonist activity of telmisartan also contributes to increased ACE2 expression.Phase IINCT:04312009; NCT:04311177\[[@bb0900], [@bb0905], [@bb0910]\]Phase IVNCT:04335786\[[@bb0900], [@bb0905], [@bb0910]\]Phase IINCT:04355936\[[@bb0915]\]Simvastatin\
(In combination with Ruxolitinib)Anti-hyperlipidemicThe drug is known to inhibit virus multiplication in early stages, decreases virus-induced cytotoxicity in affected host cells, along with inhibition of Rab/RhoA GTPase activity and LC3 membrane localization known to enhance the replication process in viruses. It also affects cytokine storm by decreasing pro-inflammatory cytokines (TNF-α, IL-6, INF-γ) released during the viral infection.Phase IINCT:04348695\[[@bb0920],[@bb0925]\]AtorvastatinAnti-hyperlipidemicThe drug is known to inhibit virus multiplication in the early stages, along with decreasing the virus titer in infected cells, thus increasing host cell viability.Phase IINCT: 04380402 \[[@bb0920],[@bb0930]\]  3. Drug interfering with translocation of the virus within host cellsChloroquine phosphate\
HCQAntimalarialApproved or the treatment of rheumatoid arthritis and systemic lupus erythematosus. Targets endocytosis and endosomes of host cells. Disrupts intracellular trafficking and viral fusion events by increasing the pH in vacuoles. Additionally, the virus requires acidic pH for proper Golgi apparatus functioning and transport. It inhibits glycosylation of ACE2 receptors. Additionally, immunomodulatory effects through inhibition of cytokine production, autophagy, and lysosomal activity in host cells are reported.Phase IINCT:04303507\[[@bb0935]\]Hydroxychloroquine sulfate and azithromycinAntimalarial and antibioticHCQ Same mechanism as chloroquine; Azithromycin binds to 50s subunit of the ribosome and interferes with translation and prevents the expression of the replicase gene.Phase IINCT:04370782\[[@bb0940]\]  4. Drugs interfering with proteolysis mechanism of the virus within host cellsDanoprevir (in combination with ritonavir)AntiviralInterferes with the protease of virus and inhibits the release of genomic material from the virus to host cell.Phase IINCT: 04291729\[[@bb0190]\]Ritonavir + LopinavirAntiretroviralRitonavir and Lopinavir decrease the viral load by inhibiting viral protease 3CLpro, target nucleocapsid during virion assembly, and also, target tumor necrosis factor receptor type 6. Ribavirin inhibits viral RNA-dependent RNA polymerase but is less potent than remdesivir. Interferon strengthens the innate immune system.Phase IINCT:04321174\[[@bb0655],[@bb0945]\]Ritonavir/Lopinavir and interferon-β1bAntiviralPhase IINCT:02845843\[[@bb0655],[@bb0945]\]Ribavirin + Ritonavir + LopinavirAntiviralPhase IINCT:04276688\[[@bb0950]\]Darunavir (with Cobicistat)AntiretroviralPrevents HIV replication through binding to the viral protease, inhibits cleavage of encoded viral protein Gag-Pol. Also, it targets nucleocapsid during virion assembly. Cobicistat (a CYP3A inhibitor) enhances the activity of darunavir.Phase IIINCT:04252274\[[@bb0955]\]Carmofur (1-hexylcarbamoyl-5-fluorouracil)Anticancer agentIn vitro studies have shown carmofur inhibits potently the main protease Mpro activity.None\[[@bb0670]\]  5. Drugs interfering with replication, transcription, and translation of virus genomic materialFavipiravirAntiviralInhibition of viral coded enzyme RNA-dependent RNA polymerase would block the formation of a negative-sense RNA strand during viral replication within the host cell.Phase IIINCT:04336904\[[@bb0960]\]Galidesivir (BCX4430)AntiviralPhase IINCT:03891420\[[@bb0965]\]RemdesivirAntiviralPhase IIINCT:04292730\[[@bb0970]\]LevovirAntiviralPhase IINCT:04347915\[[@bb0975]\]Emtricitabine + TenofovirNon-nucleoside reverse transcriptase inhibitor + Nucleotide reverse transcriptase inhibitorThis drug class is widely recommended as first-line treatment for HIV when co-administered with two nucleoside or nucleotide reverse transcriptase inhibitors. These drugs compete with deoxycytidine 5\'-triphosphate for reverse transcriptase enzyme.Phase IIINCT:00458393\[[@bb0980]\]CiclesonideGlucocorticoidIt interacts with viral non-structural protein 15, either directly or indirectly leading to inhibition of viral replication of coronavirus.Phase IINCT:04330586\[[@bb0985],[@bb0990]\]NitazoxanideBroad-spectrum antiviral agent, anthelminthicApproved for the treatment of diarrhea. It suppresses viral replication by inhibition of viral hemagglutinin maturation achieved by inhibition of viral transcription factor immediate-early 2 and activating eukaryotic translation initiation factor 2α (an antiviral intracellular protein). It is purported to induce the host immune response to produce interferons by the host's fibroblasts.Phase IVNCT:04341493\[[@bb0850]\]SelinexorAnticancerIt is a selective inhibitor of nuclear export, blocks cellular protein XPO1.Phase IINCT:04349098\[[@bb0995]\]Ivermectinanti-parasiteInhibit viral replication by inhibiting IMPα/β1-mediated nuclear import of viral proteins.Alone: no; With Bicalutamide: Phase IINCT:04373824; NCT:04374279\[[@bb1000]\]  6. Drugs interfering with cytokine storm syndrome and compromised immune FunctionTocilizumabAnti-inflammatoryIt is approved to treat rheumatoid arthritis. It alleviates inflammation of the lungs by suppressing cytokine storm (reduces IL-6 and TNFα).Phase IINCT: 04335071\[[@bb0980],[@bb0985]\]SarilumabAnti-inflammatoryPhase IIINCT:04327388\[[@bb1005]\]SiltuximabAnti-inflammatoryNANCT: 04322188\[[@bb1010],[@bb1015]\]RuxolitinibAnticancerInhibit the mediation of cytokine and growth factor signaling by inhibiting JAK 1 and 2, which otherwise affect immune function and hematopoiesis.Phase IINCT:04331665, 04334044\[[@bb1020]\]BaricitinibAnticancerIt selectively and reversibly inhibits tyrosine-protein kinase Janus associated kinases 1 and 2 to modulates their signalling pathways, thereby reduce the phosphorylation and activation of STATs leading to inhibition of cytokine and chemokine transcription and thereby modulate the immune response. Currently, it is approved for the treatment of rheumatoid arthritis. Also, a clinical trial in combination with remdesivir has been initiated.Phase IIINCT: 04320277, NCT: 04340232,\
NCT:04321993\[[@bb0760]\]Sirolimus (Rapamycin)ImmunosuppressantIt inhibits T lymphocyte activation and proliferation in response to antigenic and cytokine. It also inhibits the mammalian target of rapamycin pathway to block viral protein expression and virion release.Phase IINCT: 04341675\[[@bb1025]\]L-ascorbic acidAntioxidantIt affects the development and maturation of T-lymphocytes, in particular, Natural Killer cells involved in the immune response to viral agents. Also, it inhibits ROS production in cases of the systemic inflammatory syndrome.Phase INCT: 04323514\[[@bb1030],[@bb1035]\]PiclidenosonAnti-inflammatory, A3 adenosine receptor agonistTargets A3 Adenosine receptor leading to deregulation of the Wnt/β-catenin pathway. Inhibits inflammatory cytokine release syndrome in cancer immunotherapy.Phase IINCT:04333472\[[@bb1040]\]MethylprednisoloneGlucocorticoid, Anti-inflammatory, immunomodulatorIt activates a specific type of nuclear receptors, leading to their reformed gene expression thus inhibiting cytokine production and decreases circulating lymphocytes, inhibits TNF-α expression and NF-κB activation.Phase II, IIINCT:04273321, NCT: 04263402, NCT:04323592\[[@bb0290]\]ThalidomideAnti-angiogenic, anti-inflammatory, anti-fibroticIt impairs the synthesis of TNF-alpha and reduces the infiltration of inflammatory cells, proinflammatory cytokine, and chemokine levels, and inhibits the activated p-NFκBp6.Phase IINCT: 04273581, NCT:04273529\[[@bb1045]\]NORS (Nitric Oxide Releasing Solution)Gasotransmitter, Endothelium-derived relaxing factor (EDRF)The inhibitory effect is shown to be correlated with s-nitrosylation of viral proteins such as reductases and proteases, thus inhibiting viral protein and RNA synthesis. NO generated by inducible nitric oxide synthase inhibits the virus replication cycle.Phase IINCT:04337918\[[@bb1050]\]ColchicineAntigout, AnticancerColchicine inhibits tubulin polymerization and microtubule generation and, possibly, effects on cellular adhesion molecules, inflammatory chemokines, and the inflammasome. It reduces excessive inflammatory reaction by inhibiting the activation of NLRP3 inflammasome and inhibit the synthesis of TNF-α and IL-6.Phase IINCT:: 04328480, NCT: 04326790, NCT:04322682\[[@bb0770]\]Pyridostigmine BromideAcetylcholinesterase inhibitorIt inhibits acetylcholinesterase thereby improves acetylcholine (ACh) bioavailability. ACh then binds nicotinic-alpha receptors present in macrophages and T cells. This action reduces overactivated immune cells, which reduces inflammatory mediators and elevates CD4+ T cell counts. In experimental studies, it is shown to reduce inflammation and mortality.Phase IINCT:04343963\[[@bb1055],[@bb1060]\]AcalabrutinibAnticancerIt is undergoing a Phase III trial for the treatment of mantle cell lymphoma and chronic lymphocytic leukemia. It selectively inhibits Bruton Tyrosine Kinase and thereby reduces the production of inflammatory cytokines associated with respiratory complications.Phase II, Phase IIINCT:04346199\[[@bb1065]\]Vazegepant (BHV-3500)Calcitonin gene-related peptide (CGRP) receptor antagonistUpon viral attack, Transient Receptor Potential channels on the plasma membrane are activated and release CGRP, which subsequently release interleukin 6 and pro-inflammatory mediators. This results in the development of cough, fever, migraine, and pain. Vazegepant blocks the CGRP receptor-mediated effects.Phase IINCT:04346615\[[@bb1070]\]TradipitantNeurokinin1 receptor antagonistIt is indicated in the treatment for patients with atopic dermatitis. It prevents the activation of NK1 receptor by Substance P.Phase IIINCT:04326426\[[@bb1075]\]Etoposide, Teniposide (chemically related)AnticancerBoth appear to act by causing breaks in DNA via interaction with DNA topoisomerase II or by the formation of free radicals. Teniposide is more potent as regards the production of DNA damage and cytotoxicity. The drugs are proposed to treat the cytokine storm in Covid-19 associated with the hyperinflammatory response to the virus.Phase IINCT:04356690\[[@bb1080]\]7. Drugs purported to prevent Covid-19 progression in patients with severe ARDSNitric oxide GasGasotransmitterIt reverses pulmonary hypertension and improves the condition of severe hypoxia thereby shortening the length of ventilatory support.Phase IINCT:04290871\[[@bb1085]\]SevofluraneAnesthetic agentIt attenuates ARDS by vascular dilation, improves oxygenation in ventilator patients, thus decreases morbidity and mortality of patients.Phase IINCT:04355962\[[@bb1090]\]FingolimodImmunomodulatorIt is under clinical trial for treating multiple sclerosis. Structurally, it resembles lipid sphingosine-1-phosphate (S1P). It is a potent functional antagonist of S1P1 receptors in lymph node T cells. It suppresses the exit of lymphocytes from lymph node T cells, thus reducing the inflammation and attenuates immunopathogenesis. In Covid-19 patients, it is known to decrease pulmonary edema and hyaline membrane formation, thus preventing ARDS associated with the disease.Phase IINCT:04280588\[[@bb1095]\]FluvoxamineAnti-depressantIt inhibits the uptake of 5-HT by blood platelets and brain synaptosomes. It is under trial to prevent more severe complications like shortness of breath in Covid-19 patients.Phase IINCT:04342663\[[@bb0505]\]TetrandrineAnti-inflammatory and anti-tumorIt shows broad pharmacologic effects with antitumor and apoptotic activity. It decreases division and maturation of fibroblasts, that slows down lung damage in patients.Phase IVNCT:04308317\[[@bb0340]\]Aviptadil\
(FDA Orphan Drug)Vasoactive intestinal polypeptide (VIP) analogueInhibits NMDA-induced caspase-3 activation, IL6 and TNF-α production in lungs.Phase IINCT:04311697\[[@bb1100]\]

4.1. Spike protein {#s0045}
------------------

Viral attachment to the cellular receptor requires S protein priming by cellular proteases. The virus engages cellular protease TMPRSS2 for S protein priming for viral entry into target cells and viral spread in the infected host.\[[@bb0510]\] Furin or furin-like proteases (trypsin, cathepsin L) pre-cleavage S protein at the S1/S2 site,\[[@bb0515]\] which promotes subsequent TMPRSS2-dependent entry into host cells.\[[@bb0160]\] The blockade of these pathways might reduce the virus titer of SARS-CoV. Proprotein convertase inhibitor α1-PDX is demonstrated to inhibit cleavage activity.\[[@bb0515]\] Serine protease inhibitor camostat mesylate, which blocks TMPRSS2 activity, has been shown to significantly reduce MERS-S-, SARS-S-, and SARS-2-S-driven entry into the lung cells.\[[@bb0160]\] It has been approved in Japan for chronic pancreatitis and could be considered for clinical trials in the treatment of SARS-CoV-2-infected patients.\[[@bb0520]\] Much of the effort to develop vaccines and diagnostic tests has focused on a spike protein. However, other proteins might also be important determinants of immunity against SARS-CoV-2.\[[@bb0295]\]

4.2. Modulating SARS-CoV-2 receptor ACE2 {#s0050}
----------------------------------------

As discussed earlier, SARS-CoV-2 exploits ACE2 for cellular entry with higher efficiency than SARS-CoV. This process induces the internalization of ACE2 that could cause loss of pulmonary function and increased tissue fibrosis as a result of elevated levels of circulating Ang II.\[[@bb0285],[@bb0525]\] In the absence of ACE2, all available Ang I is converted to Ang II. Drugs that target various components of the RAAS such as ACE inhibitors, ARBs, aldosterone antagonists augmenting ACE2 activity or expression, and the product of ACE2 such as Ang (1-7), are subject to several clinical trials ([Table 1](#t0005){ref-type="table"}).\[[@bb0530],[@bb0535]\]

### 4.2.1. Drugs that bind to ACE2 receptor {#s0055}

One of the measures that could successfully compete with endogenous ACE2 is soluble ACE2\[[@bb0280],[@bb0540]\] or an Fc domain fused to ACE2 that may act as a decoy to direct SARS-CoV-2 away from endogenous ACE2 and itself bind the invading virus. The soluble form floats in the bloodstream and may act as a competitive interceptor of SARS-CoV-2 from binding to the full length ACE2 anchored in the cell membrane ([Fig. 3](#f0015){ref-type="fig"} ). This prevents the virus from multiplying and damaging the cells. Endogenous ACE2 receptors are spared and may continue to function in counteracting the Ang II canonical pathway. However, endogenous circulating levels of soluble ACE2 are below the detection threshold and are unlikely to sequester the virus in circulation and disseminate it.\[[@bb0285],[@bb0545]\] Experimental studies with a clinical grade human recombinant soluble ACE2 (hrsACE2) have been shown to inhibit the attachment of the virus to the cells and dose-dependently reduce the viral load by a factor of 1,000-5,000. These studies suggest that hrsACE2 can significantly block initial stages of SARS-CoV-2 infections.\[[@bb0540]\] It is thought that hrsACE2 may decrease Ang II levels while increasing ACE2 activity. The development of hrsACE2 has undergone two clinical trials for the treatment of acute respiratory distress syndrome.\[[@bb0550]\] Another strategy that is being investigated in clinical trials is the administration of an antibody or a single chain antibody fragment (scFv) that binds ACE2 and blocks the interaction of spike protein on the virion to ACE2.\[[@bb0555]\]Fig. 3Potential pharmacological targets with select repurposed and investigational drugs in the life cycle of SARS-CoV-2.To begin with, camostat inhibits cell entry of the virus spike protein by inhibiting TMPRSS2. The soluble form of rhACE2 that has no membrane anchoring collectrin-like domain binds the virus and sequesters it to prevent further interaction with cell-surface ACE2, thereby contributing to increased ACE2 levels. RAAS inhibitors and statins have been shown to increase endogenous ACE2 levels or expression. Chloroquine and HCQ inhibit viral entry and endocytosis by multiple mechanisms and host immunomodulatory effects. Lopinavir and darunavir inhibit viral proteinases 3CLpro and PLpro. Remdesivir inhibits RNA-dependent RNA polymerase (RdRp) and consequently halts the replication of the viral genome. The pathophysiology of organ damage in the lungs and other organs is caused by an immune response and cytokine release. Immunomodulatory agents such as tocilizumab and sarilumab target interleukin-6 and reduce cytokine storm.Fig. 3

The small intestine secretes two kinds of α defensins, HD5 and HD6.\[[@bb0560]\] Wang et al reported that HD5 with lectin-like ability interacts with the spike protein or ACE2 or both by targeting glycosylation sites as both are glycosylated proteins.\[[@bb0565]\] Besides, HD5 was shown to block the ligand-binding domain of intestinal epithelial ACE2 and thereby prevent the entry of the virus into host cells. Of note, people living in high altitude regions (above 2500 m sea level) are not prone to develop adverse effects to SARS-CoV-2 infection.\[[@bb0570]\] The reason could be hypoxia upregulates ACE and downregulates ACE2 expression in the heart\[[@bb0575]\] and pulmonary epithelial cells.\[[@bb0580]\] ARBs are known to decrease hypoxia-induced cell damage.\[[@bb0585]\]

### 4.2.2. RAAS inhibitors {#s0060}

Experimental studies have shown that Ang II overactivation of the AT-1 receptor activates metalloprotease A Disintegrin And Metalloprotease 17 (ADAM-17), also known as tumor necrosis factor-α converting enzyme (TACE), cleaves ACE2, which can no longer catalytically convert Ang II or Ang I to protective peptides (Ang (1-9) and Ang (1-7), respectively). This is one of the mechanisms that contribute to myocardial dysfunction and hypertension.\[[@bb0590]\] The cleaved ACE2 is endocytosed and degraded in lysosomes. With coronavirus infection, ACE2 is downregulated, causing increased levels of Ang II\[[@bb0525]\], the generator of a few inflammatory molecules. Limiting the synthesis of protective peptides may magnify the cytokine storm, resulting in acute lung injury, and overwhelming inflammatory response.\[[@bb0595]\] High cytokine levels may represent the leading cause of myocardial injury and endothelial dysfunction in patients with Covid-19 infection.\[[@bb0255]\] Although no evidence of histologically confirmed Covid-19 myocarditis has been published,\[[@bb0255]\] elevated plasma troponin and N-terminal pro-B-type natriuretic peptide levels with a significant (P \<0.001) positive linear correlation with plasma high sensitivity C-reactive protein levels showing myocardial injury have been reported. \[[@bb0595], [@bb0600], [@bb0605]\] Rarely, the patient presents with electrocardiogram changes (acute ST-elevation myocardial infarction).\[[@bb0610]\] These results suggest that cardiac injury is a common condition among hospitalized patients with Covid-19 and it is associated with a higher risk of in-hospital mortality compared with lack of cardiac injury (P \<0.001).\[[@bb0600]\]

In non-clinical studies, treatments with ARBs, ACE inhibitors, and aldosterone receptor antagonists strengthen the activity of the protective axis as these drugs upregulate the expression of ACE2 \[[@bb0285],[@bb0530],[@bb0615],[@bb0620]\] ([Fig. 3](#f0015){ref-type="fig"}) and increase the production of Ang (1-7) by NEP on Ang I. Additionally, ACE inhibitors prevent the metabolism of Ang (1-7) to the inactive metabolite, Ang (1-5). However, it is not known whether RAAS inhibitor therapy increases ACE2 expression in patients. Based on preclinical studies, it is postulated that continuous therapy with RAAS inhibitors might cause an increased rate of cellular infection by a predicted compensatory induction of more ACE2 viral receptor sites and hence accelerate the spread of Covid-19 in an infected lung. However, it is unlikely to happen in the presence of AT-1 receptor blockade.\[[@bb0190]\] The compensatory increase of Ang II is a) unlikely to produce any inflammatory or oxidative responses; b) engaged by ACE2 to form Ang (1-7), and the operation might go in parallel with the virus binding ACE2 until it is internalized as their loci on ACE2 is different and do not compete with each other.\[[@bb0290]\]

There are no studies in humans demonstrating the effects of RAAS inhibitors on pulmonary or cardiac ACE2 expression and activity. Several reports coming from hospitals having acute inpatients with Covid-19 have observed that treatment with ARBs or ACE inhibitors was not associated with an increased risk of rapidly deteriorating severe disease.\[[@bb0625]\] A recent clinical study\[[@bb0045]\] observed an association of reduced all-cause mortality of Covid-19 patients with hypertension. Based on the analysis of 1128 hospitalized Covid-19 patients with hypertension, the investigators reported that the mortality rate was lower in the ACE inhibitors/ARBs group versus the non-ACE inhibitors/ARBs group (3.7% vs. 9.8%; P = 0.01). In another study, patients on ACE inhibitors/ARBs had statistically significantly lower levels of hypersensitive C-reactive protein and procalcitonin when compared with patients not receiving an ACE inhibitor/ARB, but with no effect on mortality\[[@bb0325]\], suggesting a potential anti-inflammatory function of RAAS inhibitors in Covid-19. This was substantiated in another study\[[@bb0630]\] wherein the absolute number of CD3+ and CD8+ T cells were statistically significantly higher in the ACE inhibitor/ARB group than in the non-ACE inhibitor/ARB group. Furthermore, there was a trend toward lower interleukin-6 levels in patients from the ACE inhibitor/ARB group. These findings support the fact that Ang II regulates the expression of inflammatory cytokines through the activation of AT-1 receptors.\[[@bb0635]\] RAAS inhibitors attenuate that inflammatory response and indirectly work to regulate immune function and inhibit inflammatory responses. A number of professional societies recommend that patients treated with ARBs/ACE inhibitors before the infection should not discontinue therapy if Covid-19 infection occurs (HFSA/ACC/AHA 2020). A possible trend towards a beneficial effect of RAAS inhibitors including aldosterone antagonists (spironolactone and eplerenone) will need to be explored as more data becomes available. The potential mechanisms in the complex interplay of the RAAS and SARS-CoV-2 need to be studied. To address this question directly in patients, a multicenter trial led by investigators at the University of Minnesota, USA, is planned (<https://clinicaltrials.gov/ct2/show/NCT04312009>). Nevertheless, the effect of RAAS inhibitors in the pathogenesis of Covid-19 is overly complex and controversial.

Similarly to hypertension, atherosclerosis \[[@bb0330],[@bb0640]\], and hypoxia/high altitude\[[@bb0570]\] are also associated with reduced ACE2 expression. Statins have been shown to increase ACE2 expression in the heart and kidneys of rabbits fed a high cholesterol diet.\[[@bb0645]\] Additionally, PPARγ may also influence ACE2 expression as rosiglitazone and telmisartan (an ARB with a partial PPARγ agonist activity) have been shown to increase ACE2 expression in the aorta of hypertensive rats. Some warranted, clinical trials are already in progress to evaluate the impact of treatment with RAAS inhibitors, Ang (1-7), and statins ([Table 1](#t0005){ref-type="table"}) given that these classes of drugs enhance ACE2, which in part contributes to the benefit of these regimens for Covid-19 related pathologies such as acute and chronic respiratory disease.

4.3. Drugs interfering with proteolysis mechanism of the virus within host cells {#s0065}
--------------------------------------------------------------------------------

Upon entrance to the host cells, the viral genome is released as a single-stranded positive RNA. Subsequently, it is translated with a ribosomal frameshifting mechanism generating two polyproteins, pp1a and pp1ab. Encoded within the polyproteins are two proteinases, 3-chymotrypsin-like proteinase (3CLpro, also called main protease Mpro) and papain-like proteinase (PLpro). Both of these proteases are responsible for the cleavage of polyproteins translated from viral RNA into functional or effector proteins for virus replication and packaging within the host cells.\[[@bb0650]\] Inhibiting the activity of this enzyme would block viral replication. PLpro behaves as a deubiquitinase that may deubiquitinate certain host cell proteins such as interferon and NF-κB, resulting in suppression of the innate immune system.\[[@bb0325]\] Both are considered to be attractive drug targets as they play a central role in viral replication and transcription functions through extensive proteolysis of two replicase polyproteins, pp1a and pp1ab.

Drugs that target these proteases in other viruses, such as the HIV/AIDS drugs lopinavir and ritonavir ([Fig. 3](#f0015){ref-type="fig"}), have been explored in combination in patients with mild and moderate Covid-19 ([Table 1](#t0005){ref-type="table"}). However, no benefit was observed with the treatment.\[[@bb0655]\] The efficacy of combination therapy of lopinavir/ritonavir and interferon β1b is being studied in a clinical trial.\[[@bb0660]\] A recently published X-ray crystal structure of the SARS-CoV-2 3CLpro provides a basis for structure-based drug discovery efforts.\[[@bb0665]\] A different class of drugs has been shown to inhibit viral replication in cells. Carmofur (1-hexylcarbamoyl-5-fluorouracil), an approved anticancer agent indicated for colorectal cancer since the 1980s, has been shown to inhibit the main protease Mpro activity. \[[@bb0670]\] Besides, a large number of inhibitors of these proteinases have been investigated in nonclinical studies, and are described in several publications.

4.4. Drugs interfering with replication, transcription, and translation of virus genomic material {#s0070}
-------------------------------------------------------------------------------------------------

The life cycle of the virus is dependent on enzymes that are excellent antiviral drug targets. One of the major viral enzymes that assist in translation and replication of the virus is RNA-dependent RNA polymerase. It is the major target of many existing nucleotide drugs such as remdesivir, favipiravir, ribavirin, galidesivir, and EIDD-2801 ([Table 1](#t0005){ref-type="table"}). All of these are likely to inhibit RNA-dependent RNA polymerase ([Fig. 3](#f0015){ref-type="fig"}) through non-obligate RNA chain termination, a mechanism that requires the conversion of the parent compound to the active triphosphate form.\[[@bb0675]\]

Remdesivir, a nucleoside analog prodrug, is much in the news since the US FDA issued emergency use authorization for the treatment of Covid-19 to Gilead Sciences on May 1, 2020, based on Phase III clinical trial (FDA EAU-remdesivir). The National Institutes of Health's clinical trial (Adaptive COVID-19 Treatment Trial, NCT04280705) was an adaptive, randomized, double-blind, placebo-controlled trial that evaluated 1,063 hospitalized adult patients with a broad mix of Covid-19 symptoms. In this trial, remdesivir outperformed placebo by showing a median time to recovery of 11 days relative to 15 days for those who received a placebo, thus demonstrating a 31% faster time to recovery. \[[@bb0045]\] The second trial was Gilead's global SIMPLE trial (NCT04292899) evaluating 5-day and 10-day dosing durations in up to 6,000 Covid-19 patients. Nevertheless, some trials failed to show any benefit of remdesivir in patients with severe Covid-19.\[[@bb0680]\]

On May 1, 2020, the U.S. FDA issued an emergency use authorization for the investigational antiviral drug remdesivir for the treatment of suspected or laboratory-confirmed COVID-19 in adults and children hospitalized with severe disease. While there is limited information known about the safety and effectiveness of using remdesivir to treat people in the hospital with COVID-19, the investigational drug was shown in a clinical trial to shorten the time to recovery in some patients. Furthermore, according to the US FDA, remdesivir is administered intravenously by healthcare providers to treat suspected or confirmed severe Covid-19 cases such as patients with low blood oxygen levels needing oxygen therapy or more intensive breathing support (FDA EAU-Remdesivir). At present, worldwide, more than 15 clinical trials in several phases are investigating the efficacy and safety of intravenous remdesivir for Covid-19. It is also one of the four arms of WHO's SOLIDARITY trial evaluating the potential benefit and safety of remdesivir for Covid-19.

4.5. Anti-inflammatory and immunomodulators in the control of cytokine storm {#s0075}
----------------------------------------------------------------------------

The invasion of the ACE2 receptor rich alveolar epithelial cells in the lung by the virus leads to the exuberant stimulation of the immune system, triggering a cytokine storm. Cytokines are chemical signaling molecules that essentially guard a healthy immune system. Thus, it should beat back the virus attack at the initial stages before the virus runs through the windpipe and invades the lungs and setting in motion the cytokine storm. This event causes a plethora of effects such as lung and cardiovascular damage, metabolic acidosis, coagulation dysfunction, septic shock, and multiple organ failure. \[[@bb0685],[@bb0690]\]

The inflammatory response to the virus is excessive, resulting in the onset of a cytokine storm\[[@bb0060]\] with an increase in inflammation-inducing cytokines such as IL-2, IL-6, IL-7, granulocyte colony stimulating factor, and tumour necrosis factor-α (TNF-α).\[[@bb0325]\] The cytokine storm also leads to secondary hemophagocytic lymphohistiocytosis (sHLH) and tissue damage.\[[@bb0695]\] A recent retrospective multicentre analysis of circulating increases in IL- 6 levels can be a predictor of morbidity and mortality in Covid-19 patients.\[[@bb0700]\] Clinical pathology investigations in Covid-19 patients have shown a decrease in the number of lymphocytes, neutrophils, CD4+ and CD8+ T cells counts.\[[@bb0705]\]

Some studies have shown either enhanced helper T cells count or decline in the memory helper T cells and CD28+ cytotoxic suppressor T cells count in SARS-CoV-2 infected patients.\[[@bb0700]\] Reduction of B lymphocytes and natural killer cells were also observed in these patients. Immune dysregulation, abnormal chemokine response, and change in the composition of the subgroup of lymphocytes may cause a cytokine storm and subsequent tissue damage. The upregulation of ACE2 stimulates the RPS3 and SRC (hub genes), facilitating viral replication and the stimulation of neutrophils, natural killer cells, other T lymphocytes, and TNF-α, leading to an inflammatory response.\[[@bb0710]\] A large number of approved drugs for other diseases with anti-inflammatory and/or immunomodulatory activities targeting cytokines have a rationale for providing benefit, and therefore are reasonable to study in Covid-19. These drugs are listed in [Table 1](#t0005){ref-type="table"} with their possible mechanism of action and are candidates in several clinical trials worldwide. A selected few are discussed below.

Chloroquine (CQ) and hydroxychloroquine (HCQ) are approved for the treatment of malaria, lupus erythematosus, and rheumatoid arthritis. Both have antiviral activity including hepatitis B, HIV, H1N1, and Zika virus.\[[@bb0715]\] CQ and HCQ interfere with glycosylation and proteolytic maturation of proteins and terminal glycosylation of ACE2, and increase the pH of endosomes, Golgi vesicles, and lysosomes, thereby inhibiting viral release into the host cell. By altering membrane stability, signaling pathways, and transcriptional activity, CQ and HCQ inhibit cytokine production and modulation of certain costimulatory molecules. Studies have shown that CQ and HCQ inhibit antigen presentation in dendritic cells and cytokine production by leukocytes, Toll-like receptors, and immune cells.\[[@bb0720]\] The immunomodulatory mechanism of action of CQ and HCQ is mediated via multiple mechanisms involving inhibition of i) cytokine and its release by T-cells, ii) cytotoxic T cell and self-reactive CD4+ lymphocyte activities, iii) miR expression, iv) decreasing the levels of chemokines (CCL2 and CXCL10), and v) upregulating IFN-α and Treg activity.\[[@bb0720]\] There are no convincingly robust studies to support the use of CQ and HCQ for pre- or post-exposure prophylaxis of Covid-19. Some clinical trials evaluating the efficacy of CQ or HCQ in high-risk individuals are underway ([Table 1](#t0005){ref-type="table"}). Meanwhile, the US FDA issued emergency use authorization for the use of hydroxychloroquine (and chloroquine) on March 28 for the treatment of hospitalized patients with Covid-19.

### 4.5.1. Tocilizumab (TCZ) {#s0080}

In the pathogenesis of SARS, there is a considerable release of proinflammatory cytokines (including IL-6) possibly by stimulation of immune cells.\[[@bb0725]\] IL-6 is also a biomarker of severe betacoronavirus infection. Its receptors are omnipresent in hematopoietic cells, including T-cells, activated B-cells, monocytes, and neutrophils. IL-6 confers numerous biological activities via IL-6Rα (gp-126; membrane bound) and IL-6Rβ (gp-130; soluble form). Upon binding to IL-6, both receptors undergo homodimerization and initiate a cascade of intracellular signaling pathways. Two types of signaling are reported: classical signaling conferred upon binding of IL-6 to IL-6Rα; and trans-signaling, activated upon binding of IL-6 to IL-6Rβ. Classical signaling plays a vital role in anti-inflammatory and regenerative mechanisms, whereas trans-signaling is associated with pro-inflammatory response upon activation of JAK-MAPK responses and is considered important in a cytokine storm.\[[@bb0730]\] Elevated production of IL-6 contributes to the pathogenesis of various autoimmune and inflammatory diseases. In immune cells, IL-6 induces proliferation and differentiation of cells.\[[@bb0735]\] and interfering at IL-6 might provide a new therapeutic strategy for Covid-19. TCZ, sarilumab, and siltuximab are classified as IL-6 antagonists. TCZ ameliorates hypoxemia, lymphopenia, and lung infiltration in Covid-19.\[[@bb0740]\] However, IL-6 antagonists increase the risk of infections\[[@bb0745]\] and might suppress the immune response that the body needs to fight off the virus.\[[@bb0060]\] Several clinical trials are in progress to determine the beneficial effects of tocilizumab, sarilumab, and siltixumab ([Table 1](#t0005){ref-type="table"}).

### 4.5.2. Janus kinase (JAK)-signal transducer and activator of transcription (STAT) inhibitors {#s0085}

JAK-STAT inhibitors is IL-6 post-receptor downstream signaling pathway. The pathway mediates the effect of interleukins, IFN-(α, β, γ) and growth factors (GM-CSF, TGF-β, erythropoietin, and thrombopoietin).\[[@bb0750]\] JAK inhibitors are approved for rheumatoid arthritis, psoriatic arthritis, and inflammatory disorders.\[[@bb0755]\] Many proinflammatory cytokines involved in cytokine storms are antagonised by JAK inhibitors. A notable drug in this class is baricitinib, which inhibits viral entry and assembly.\[[@bb0760]\] Currently, JAK inhibitors baricitinib, ruxolitinib, and tofacitinib are undergoing clinical trials for the treatment of Covid-19.

### 4.5.3. Nod-like receptor family pyrin domain-containing-3 (NLRP3) inflammasome {#s0090}

NLRP3 has a major role in regulating innate immunity. Its activation occurs in response to invading pathogens including RNA viruses. It activates caspase-1 to produce the pro-inflammatory cytokines IL-1β and IL-18. Both fuel a cytokine storm and are inhibited by anakinra. It is a recombinant human IL-1 receptor antagonist approved for the treatment of rheumatoid arthritis. Anakinra improved the survival of patients with disseminated intravascular coagulation (DIC).\[[@bb0765]\] There are several anakinra studies registered for Covid-19 (NCT04339712, NCT04330638). Another drug that is reported to antagonise the NLRP3 inflammasome and the synthesis of TNF-α and IL-6 is colchicine.\[[@bb0770]\] Colchicine inhibits tubulin microtubule formation, cellular adhesion molecules, and inflammatory chemokines. It is approved for the treatment of gout and familial Mediterranean fever. Clinical trials are in progress to evaluate the efficacy of colchicine for the treatment of Covid-19.

4.6. Vaccines and biologics (Biopharmaceuticals) {#s0095}
------------------------------------------------

The SARS-CoV-2 pandemic created havoc in the world and everyone is eagerly awaiting the arrival of a vaccine for Covid-19. The critical step for the successful development of a vaccine is the identification of the complete genome sequence of the pathogen. This information was made available on 25 January 2020 at NCBI (Gen. Bank: MN 908947.3). A detailed account of the difference between traditional vaccine development and development using the pandemic paradigm is reported.\[[@bb0775]\]"*The pandemic paradigm requires multiple activities to be conducted at financial risk to developers and manufacturers and without knowing whether the vaccine candidate will be safe and effective, including a very early manufacturing scale-up to commercial scale before the establishment of clinical proof of concept.*"

The Coalition for Epidemic Preparedness Innovation (CEPI) is coordinating with health authorities throughout the world and developers of vaccines.

Owing to the high similarity of SARS-COV-2 with SARS-COV and the binding pattern to ACE2 receptors in the host cell, the pandemic has unlocked the scope for the development of vaccines and biopharmaceuticals at a more rapid pace than ever before.\[[@bb0780]\] These biologics are expected to broaden the spectrum of the current treatment options available.\[[@bb0325]\] As per the landscape of Covid-19 candidate vaccines published by WHO on 20 April 2020, approximately 7 vaccines have begun clinical trials and 75 vaccines are in preclinical investigations.\[[@bb0785]\] The first doses of Covid-19 trial vaccines were injected into patients as early as March 2020. Importantly, the vaccines are developed based upon a) live/attenuated status of the virus (virus vaccines); b) vector-based vaccines including Adenovirus Type 5 and Modified Vaccinia Virus encoding spike or membrane proteins; c) Nucleic acid-based vaccines based on DNA, plasmid, mRNA, SiRNA, and others; d) Protein-based vaccines which include vaccines derived from various Capsid-like particles, peptide antigen, recombinant protein developed using spike, membrane, nucleocapsid elements of SARS-CoV-2, etc.; and e) microneedle array delivered recombinant coronavirus vaccines.\[[@bb0790]\] These vaccines are expected to train the host immune system to recognize the pathogenic virus strains and combat them providing herd immunity.\[[@bb0795]\] Based on previous experience of virus pandemics, due consideration is being given to safety evaluations that could otherwise result in immunopotentiation marked by eosinophilic infiltration and increased infectivity.\[[@bb0780]\] A brief status of vaccines for SARS-CoV-2 is curated in Supplementary Table 1.

Biopharmaceuticals (biologics), which are engineered macromolecular products drugs comprising nucleic acids and proteins, are also being evaluated to combat the Covid-19. Important classes of biopharmaceuticals that are being explored include: a) protein-based monoclonal/polyclonal antibody; b) recombinant enzymes; c) interferon; d) oligonucleotides; e) hematopoietic growth factors; and f) interleukin-based products. The detailed classification, the mechanism of action of each biologic, and their clinical status are compiled in Supplementary Table 2. These are chiefly intended to target the most fragile and vulnerable sites/receptors expressed on viral surfaces (monoclonal antibodies),\[[@bb0800]\] provide antiviral immunity along with possessing immunomodulatory properties (interferons),\[[@bb0805]\] potentially interfere with the spike protein or replicative machinery of the virus (oligonucleotides),\[[@bb0810]\] enhance the production of hematopoietic cells (hematopoietic growth factors)\[[@bb0815]\] or via blocking key immune players (interleukin based products).\[[@bb0820]\]

4.7. Conclusion {#s0100}
---------------

At the time of writing this paper, Covid-19 is considered an important global public health crisis. Although most of the drugs under evaluation have demonstrated good in vitro activity or possible benefits in limited observational or non-randomized clinical studies against SARS-CoV-2, clinical benefits are awaiting confirmation in large scale randomized clinical trials such as WHO's SOLIDARITY trial. Observational studies with hypertensive patients on ARB/ACE inhibitor therapy have shown no increased risk of Covid-19 acquisition, although the pattern of multiorgan dysfunction seen in Covid-19 patients is likely related to ACE2 expression in these organs. On the contrary, a few studies have reported benefits with ARB and ACE inhibitor therapy on parameters such as decreased mortality rate and lower levels of hypersensitive C-reactive protein and procalcitonin. The repurposing of existing drugs designed for other virus infections and pathologies may speed up the process of fighting the pandemic, as noted with the success of remdesivir gaining emergency authorization use. Based on the pathology of the disease, in which the virus attacks more than one organ and makes each of them worse by inducing a dysregulated inflammatory response, any one drug or mechanism of action may not combat the disease. It should be a multipronged approach to directly target the virus replication cycle and boost innate antiviral immune responses.

During the reviewing process of this manuscript, many related papers have been published. The following significant findings were reported during this period. The addendum is confined to the scope of the current manuscript.1Cardiovascular complications (JACC, 2020; doi.org/10.1016/j.jacc.2020.06.007; *Heart*, 2020;106:1154--1159. doi:10.1136/heartjnl-2020-317007) are upcoming as a significant threat in Covid-19 patients along with blood clotting incidences (*Lancet*, 2020;395,1417-1418, doi: 10.1016/S0140-6736(20)30937-5; *Thrombosis Research*, 2020;190,62, doi: 10.1016/j.thromres.2020.04.014). There are reports of abnormal coagulation with elevated D-dimer levels in hospitalized patients with severe Covid-19 (*J Thromb Haemost*, 2020;18:844; JACC 2020, doi.org/10.1016/j.jacc.2020.03.031)2Many publications have now shown that ACE2 upregulation with ACE inhibitors/ARBs therapy is not associated with increased susceptibility to SARS-CoV-2 infection (*Hypertension*,2020;76. DOI: 10.1161/HYPERTENSIONAHA.120.15289). Additionally, they have beneficial effects on pulmonary inflammation improving clinical outcomes (*JAMA*, 2020;doi:10.1001/jama.2020.11301). Statins besides increasing ACE2 expression reduce inflammation and thrombosis (*Br J Pharmacol*, 2020; doi:10.1111/bph.15166), and also shown to inhibit SARS-CoV-2's main protease (*Arch Med Sci*, 2020;16:490--496, DOI: doi.org/10.5114/aoms.2020.94655).3The US FDA has revoked authorized use of HCQ/CQ on June 15, 2020 (<https://www.fda.gov/news-events/press-announcements/coronavirus-covid-19-update-fda-revokes-emergency-use-authorization-chloroquine-and>).4Dexamethasone was found to reduce mortality and the recovery time in critically ill patients (RECOVERY TRIAL, June 29, 2020; *Lancet Resp Med*, 2020;8,267-276.doi: 10.1016/S2213-2600(19)30417-5.)5Favipiravir, a drug initially approved in Japan for treating novel epidemic influenza strains, has received regulatory clearance in Russia, followed by India for the treatment of Covid-19. The drug remains a subject of clinical trials across the world, including India and Russia (NCT04359615) (*Engineering*, 2020; Mar 18.: doi.org/10.1016/j.eng.2020.03.007; *Clin Pharmacol Therap*, 2020; doi/pdf/10.1002/cpt.1877).6The World Health Organisation has published a draft landscape on Covid-19 vaccines. There are currently 133 vaccines in development with 10 in clinical trials (*The Lancet*, 2020;395(10239),1751-1752. Doi: 10.1016/S0140-6736(20)31252-6).
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